ABSTRACT: Pyrolysis has the potential to create a biocrude oil from biomass sources that can be used as fuel or as feedstock for subsequent upgrading to hydrocarbon fuels or other chemicals. The product distribution/composition, however, is linked to the biomass source. This work investigates the products formed from pyrolysis of woody biomass with a previously developed chemical kinetics model. Different woody feedstocks reported in prior literature are placed on a common basis (moisture, ash, fixed carbon free) and normalized by initial elemental composition through ultimate analysis. Observed product distributions over the full devolatilization range are explored, reconstructed by the model, and verified with independent experimental data collected with a microwave-assisted pyrolysis system. These trends include production of permanent gas (CO, CO 2 ), char, and condensable (oil, water) species. Elementary compositions of these streams are also investigated. Close agreement between literature data, model predictions, and independent experimental data indicate that the proposed model/method is able to predict the ideal distribution from fast pyrolysis given reaction temperature, residence time, and feedstock composition.
INTRODUCTION
Thermal degradation of polymers can selectively degrade the structure based on the processing severity (temperature and residence time). Recently, this pyrolysis process has been investigated in an inert atmosphere at mild conditions (400− 600°C) for the generation of many smaller species that originate from the parent structure. In the case of biomass, pyrolysis creates a solid carbonaceous char, permanent gases (mainly CO and CO 2 ), many organic molecules such as ketones, organic acids, aldehydes, phenolics, cyclics, and saccharide based fragments, and larger polyphenolic polymers collectively referred to as pyrolytic tars. 1, 2 Because of the processing temperature and high heating rates, most of the original mass is partitioned into species that are condensable at ambient temperatures. This condensed mixture, bio-oil, is typically very viscous and acidic and has a composition that is reflective of the parent biomass, consisting of typically 44−49% carbon while the remaining is primarily oxygen (45−52%) and hydrogen (6−9%). 2, 3 Bio-oil can be used as a fuel oil for heating or electricity generation, or it can be upgraded to produce chemicals or hydrocarbon fuels. To meet the large modern day energy consumption, any biomass-to-energy process should be flexible and accommodate a wide range of biomass sources and subsequently bring about process considerations due to heterogeneity of biomass feedstock sources and resulting bio-oil. 4−6 To ensure product consistency and quality, processing conditions must be carefully controlled or tailored to the specific biomass source being processed. Establishing correlations or models to predict these properties is essential for efficient utilization of feedstock resources.
Numerous review and experimental articles study the properties of pyrolysis products and their impact on fuel quality or applications. 2,3,7−14 Many of the current studies are parametric in nature and reportedly change based on many factors such as temperature, heating rate, residence time, particle size, vapor residence time, biomass feedstock composition, and moisture, among others. For example, in 2008 Garcia-Perez et al.
14 performed a comprehensive study on the pyrolysis of mallee wood and the resulting product properties. They found that as processing temperature increased (severity), the solid yield from the process decreased (almost linearly). Furthermore, the decrease in solid yield is associated with a linear decrease in solid volatile matter as oxygen decreases from 25 to 10% and carbon increases from approximately 70 to 87%, which also leads to an increased heating value. Here, volatile matter refers to the mass loss upon heating to 950°C as described in methods similar to ASTM D3172. The overall decrease in solid yield is balanced between increased liquid and gas phase yields. The main gas phase species, CO 2 and CO, increase in a similar ratio over the processing conditions with minimal contribution from hydrocarbons. These same trends are observed in other literature sources across feedstock type and processing conditions, 14−16 suggesting an underlying relationship that has yet to be described. This paper uses a kinetic model to further elucidate the relationship between processing conditions and product properties.
Previously, our group developed a kinetic model to describe torrefaction through a series of three consecutive reactions. 17 During these lumped pseudochemical reactions, the solid biomass breaks down into a series of intermediates and a set of gas/vapor phase species. The solid intermediates do not singularly exist but are modeled values representing average solid composition used to derive overall behavior. The solid intermediates are assumed to be a partially degraded form of the original biomass where the carbohydrate and fiber fractions of the material have gone through scission reactions. The fiber/ carbohydrates are then represented by a smaller amount of the original cellulose, hemicellulose, and lignin at shorter average degrees of polymerization. The solid intermediates become progressively more recalcitrant with higher activation energies as weakly bound compounds are broken and removed from the chemical structure and as condensation reactions deposit more recalcitrant compounds on the surface. This lumped model approach was then extended into the pyrolysis range from 300 to 425°C using a series of six pseudoreactions. 18 At these increased temperatures, more oil production was observed from more complete degradation of the cellulose and lignin fractions in particular. This increased degradation of cellulose and lignin at higher temperatures has also been observed by others. 19−21 These six pseudoreactions proceed through a set of five solid intermediates that require increasing energies to degrade until only fixed carbon and mineral content, or nonvolatile mass, remains. These six reactions, likely representing many near-parallel reactions across the consecutive stages, were able to accurately describe dynamic gas-vapor species production. The model was based upon the identification of 32 unique chemical masses that were volatized as well as upon measurements of total weight loss. Stoichiometry factors were used to partition the relative production of the species through the six reactions. These reactions and parameters are summarized in Reactions 1−6 below, where j denotes the intermediate reaction stage (2, 3, 4, or 5) , R j is a degraded solid intermediate during reaction j, α j,i is a stoichiometric parameter for species i in reaction j, and P j,i is product i formed in reaction j. The activation energies were found to be 104, 129, 154, 217, 256, and 285 kJ/mol, respectively, with frequency factors of 2.6E9, 1.6E11, 5.0E12, 1.2E17, 3.6E19, and 9.3E20 min -1 , respectively. 18 The prior work showed that torrefaction and pyrolysis can be explained by a single unified model and are similar processes. The activation energies for the progressive stages of degradation increase and can explain the differences in product production rate and component (cellulose, hemicellulose, lignin) degradation within the different temperature regimes.
In the present work, the applications of such a kinetic model were explored for understanding the products of fast pyrolysis. Throughout this manuscript, fast pyrolysis refers to pyrolysis processing in which the reactions are limited primarily by reaction kinetics, not heat transfer limitations. Importantly, because the reaction kinetics for processing temperatures colder than 300°C (i.e., torrefaction) are relatively slow, in many cases torrefaction can be considered mild fast pyrolysis. Consequently, torrefaction and fast pyrolysis reaction data from the literature are grouped together in this work. The justification for this grouping is discussed further below. Data for the elemental composition of pyrolytic chars at various extents of reactions are used to determine the composition of the solid pseudoreactant intermediates in the model and calibrate the model predictions. The predictions of the yield of gaseous, liquid, and solid product were explored and compared to literature data, in addition to the distribution of permanent gases (CO, CO 2 ), water, and the condensable pyrolysis oil. The retention of the embodied energy in the pyrolytic chars was also investigated. Model predictions are compared against a broad literature survey for fast pyrolysis and torrefaction data, in addition to experimental data gathered independently for model/method validation. Variation in feedstock composition is addressed through normalization as discussed below. The resulting model is able to accurately predict the distribution of pyrolytic species and their composition. These elemental compositions and dynamic prediction of products can provide useful engineering tools, as well as development of other studies. Comparison to other modeling approaches is detailed in the previous work. 18 
MATERIALS AND METHODS
Micropyrolysis experiments and development of the pyrolysis model were conducted at Michigan Technological University (MTU), with experimental and modeling details described in previous work. 18, 22, 23 The model was validated using experimental data from Idaho National Laboratory (INL) using a microwave-assisted pyrolysis system as well as data published in the literature. 24, 25 The samples used in the microwave-assisted fast pyrolysis tests include clean and whole tree pine, hybrid poplar, and tulip poplar. Detailed characterization of the samples has been described in a previous publication. 24, 25 Brief experimental details are provided here for convenience.
Micropyrolysis Experiments.
Micropyrolysis experiments for kinetic model development were performed with a CDS 5200HP Pyroprobe resistive filament pyrolyzer. The unit is capable of achieving approximately 1000°C/s heating rates with predominantly radiative transport to the biomass sample. Samples studied with the micropyrolysis unit were debarked aspen fibers (500−600 μm, 100− 300 μg). The pyrolyzer was connected directly to a GC/MS unit (ThermoFisher trace GC, DSQII MS) with a heated transfer line that was maintained at 300°C to limit product vapors from condensing. The GC/MS was equipped with a short nonretentive guard column and maintained at 300°C to minimize convolution of dynamic product traces before data acquisition.
2.2. Modeling Approach. The kinetic model is described in Reactions 1−6 above. To calibrate the modeling parameters, literature data were collected for the product distribution and composition from fast pyrolysis of woody biomass for the entire temperature range studied. 14−16,24,26−38 In these studies, fast pyrolysis implies decoupled reaction kinetics to heat and mass transport effects and therefore has negligible influence due to transport phenomena. This is achieved through fast heating rate/flux into the biomass particles and small overall particle size. Selected studies were chosen where data were present for weight distribution between solid, liquid, gas phase species, distribution of primary gas species (CO and CO 2 ), water formed during pyrolysis, elemental distribution (C, H, O) through ultimate analysis, and/or proximate analysis and heating value data. 14−16,24,26−38 In this work gaseous hydrocarbon species (hydrogen, methane, ethane, ethylene, and propane) and hydrogen were not considered due to their relatively low abundance and inconsistent observation. Additionally, the observance of hydrocarbons has been suggested to be a result of secondary reactions due to alkali mineral content and heat and mass transport effects. 39−42 As discussed, woody biomass with low mineral ash content was chosen with experimental conditions that minimize the impacts of heat and mass transport limitations, thereby decreasing the formation of gaseous hydrocarbons. These data were tabulated with their respective processing times and temperatures. At small particles, as discussed above, sample particles are approximately uniformly heated, and the process can be decoupled from heat transfer dynamics and can be expressed in an extent of reaction through pyrolysis. For this work, the extent of reaction is expressed through mass loss from the biomass sample, which is the Energy & Fuels amount of volatile matter removed. For the woody feedstocks used in the studies above, the nonvolatile matter (mineral content and fixed carbon) sum to approximately 10−15% (12% average used during modeling) of the initial dry weight. Because of this, the extent of reaction (mass loss) ranges from 0 to 88% where remaining organic matter is the nonvolatile fixed carbon. Secondary reactions (resulting in gas-phase hydrocarbons) are primarily attributed to the presence of significant alkali mineral content or long gas-phase residence times but were not considered because the surveyed data were sourced from fast pyrolysis systems with short vapor-phase residence times and used woody biomass with insignificant alkali mineral content. 39−42 These literature data were used to calibrate the composition of the solid intermediates of Rxns 1−2−5 from an assumed feed of 1 mol of hydrogen contained in the parent biomass (16.6 g of biomass) and complete degradation to a solid char with only the nonvolatile mass remaining as char (solid product in Rxn 6). The nonvolatile mass is considered as the fixed carbon content (∼12 wt %) and mineral content (negligible for woody biomass). An average initial composition from the literature sources of woody biomass was used to initiate the model (48% carbon, 6.0% hydrogen, 46% oxygen). Fitting was performed by minimizing the squared difference between the bulk literature trends and the model predictions for composition (C, H, O) of the solid reactant, the production of reaction-formed water, and the mass distribution between the CO and CO 2 in the permanent gas stream. Predictions for the oil species (excluding water) are found through an elemental balance. The embodied energy of the solid products is found through a correlation developed to predict heating values of a wide range of biomass species. 43 From a set of 122 samples studied, an estimate of the heating value is given by where the heating value, HHV, is expressed in kJ/kg, and C, H, and N are the weight percent contributions from carbon, hydrogen, and nitrogen, respectively. Embodied energy in the produced water and CO 2 are taken as zero by definition, and a typical value of 10.1 MJ/kg was used for the HHV of carbon monoxide. The energy in the bio-oil can also be approximated from the correlation above. This model approach contains many parameters that need to be fit in order to be used predictively. Because of this, the sample data collected from the literature were used for the parameter fitting routines described above. Additional experimental data were gathered (described in the following sections) and compared to model predictions to provide validation. As shown below, woody feedstock behave similarly, and the modeling outcomes would be similar if the fitting routine was performed on the experimental data and then compared to the literature. If a significant amount of data were gathered for a singular feedstock and used for model calibration, however, the correlation may be higher than those presented below, which were obtained using multiple woody feedstocks with varying properties and composition.
2.3. Feedstock/Solid Product Characterization. Feedstock for experimental validation of the model were four different wood species including pine without bark (Bulter, AL), pine with bark (Butler, AL), hybrid poplar (Morrow, OR), and tulip poplar (Knox, KY). Proximate analysis were carried out with a LECO TGA701 (LECO, St. Joseph, MI) according to ASTM D5142. Ultimate analysis (CHN) was performed using a modified ASTM D5373 method for a slightly shorter burn profile with a LECO TruSpec CHN Analyzer (LECO, St. Joseph, MI). Oxygen content was determined by difference. Heating values (HHV) were determined using ASTM D5865-10 with a LECO AC600 calorimeter (LECO, St. Joseph, MI). Average values of at least duplicate measurements were used in this study.
2.4. Fast Pyrolysis. A microwave-assisted fast pyrolysis reactor was used to obtain independent data for model validation. Here fast pyrolysis refers to processing in which reactions are limited by chemical reaction kinetics, not heat transfer. The lab-scale microwave pyrolysis unit was used for data collection from low to high severity levels (conditions described below). To enhance microwave absorption, samples were ground using a Retzch ZM200 fine grinder equipped with a 200 μm screen and then doped with 5% activated charcoal from Sigma-Aldrich. The experimental apparatus consisted of a quartz tube surrounded by an insulated microwave cavity (furnace) that could be independently heated with resistive heaters to 550°C. A 3 kW SM1250D model microwave generator (MKS Instruments, Andover, MA) was used in combination with a waveguide and microwave autotuners to briefly focus a microwave beam onto samples inside the cavity to achieve fast pyrolysis heating rates. A PRO 82 pyrometer (Williamson, Concord, MA) was used to monitor sample temperature during the reaction. A virtual instrument developed in LabVIEW (National Instruments, Austin, TX) was used to control the microwave power applied to the sample. The sample temperature as determined by the pyrometer and the forward and reverse microwave powers through the autotuner were tracked in LabVIEW. The software was programmed to maintain approximately constant microwave power until the target sample temperature was achieved and then automatically turn off microwave power.
Each experiment was performed by following 6 steps.
(1) Preheat the microwave cavity and a quartz tube to 300, 375, or 450°C using resistive heating. (2) Load a sample into the end of the tube away from the heated furnace and start a nitrogen purge gas flow of 2 L/min. (3) After an inert atmosphere was achieved in the quartz tube, the sample is relocated to the center of the heated microwave cavity using a pushrod to maintain inert atmosphere. (4) The microwave beam was activated to rapidly heat the samples to the target reaction temperature of 320, 395, or 470°C, and then the microwave power was automatically shut-off. All target reaction temperatures in these results were reached within 8.0 s. (5) After a total residence time of 20 s, the quartz tube containing the samples is removed from the furnace and cooled using reverse nitrogen flow. (6) After the quartz tube containing the sample cools to approximately 100°C, the sample is removed, and sample and gas line components are weighed to determine solid and liquid yields. Each experimental condition was performed in triplicate.
Importantly, the feedstocks chosen for the microwave pyrolysis are identical to feedstocks that were previously prepared at Idaho National Laboratory (INL) and tested for fast pyrolysis conversion at the National Renewable Energy Laboratory (NREL) in a 2 in. fluidized bed fast pyrolysis system. 24, 25 Because the feedstocks chosen for the microwave tests are identical to feedstocks that have been tested in an established fluidized bed fast pyrolysis reactor, direct comparison of the product data can establish the relevance of the microwave approach to fluidized bed fast pyrolysis. Motivation for using a microwave-assisted fast pyrolysis system are (1) each test can be completed, including the weighing of products, in minutes, rather than hours or days; (2) because of microwave heating, heat transfer media, such as silica sand, is not necessary, greatly simplifying the process to weigh the solid products; (3) the microwave heats the samples internally allowing for potentially larger particles and slower surface heating rates while still achieving fast pyrolysis conditions. 2.5. Pyrolysis Product Characterization. Proximate and ultimate analyses of the bio-oil and char was performed using the same methods described above in Section 2.3. Water content of bio-oil was measured in accordance with ASTM D5530 by Karl Fisher titration and was measured in triplicate and quantified against NIST traceable water standards. A Model300 NDIR (California Analytical Instruments) and three-channel (10m MS 5A, 10m PBQ, and 8m CP Sil 5) CP 4900 MicroGC (Varian) were used to measure and record permanent gas products.
RESULTS AND DISCUSSION
3.1. Model Calibration. The kinetic model is displayed in Rxns 1−6 above and was previously developed from careful study of chemical dynamics. 18 In order to make mass-based predictions for pyrolysis products, several parameters were calibrated to literature data as discussed in section 2.2. The calibrated parameters include the elemental composition of the solid reaction intermediates, R j , and the reaction stoichiometric parameters for noncondensable gases (CO and CO 2 ) and water. Figure 1 shows a comparison of relative elemental composition in solids from literature ("Literature") and the experimental data ("Experimental") gathered from the microwave assisted pyrolyzer over the mass loss observed by the original sample. Also highlighted are data reported by Howe et al. because the same feedstock was used. There is a general trend to the data, where the relative carbon content begins around 50% and increases to approximately 60% at 50% removal of initial sample mass. As mass is further removed, the rate of change in the relative carbon content (carbon mass to total mass) increases to final value approaching 100%, which consists almost exclusively of fixed carbon. The increase in carbon content is due to the preferential removal of hydrogen and oxygen. At 50% mass removal, average oxygen content decreased from approximately 45% to 35%, while average hydrogen content decreases from approximately 6.0% to 5.5%. The relative amounts of both hydrogen and oxygen quickly decay to their final values near zero when the material is fully devolatilized. Though these general trends apply across many different studies investigating woody feedstock, there is substantial scatter likely due to experimental uncertainties and conditions and, perhaps more substantially, due to variability in feedstock composition within woody feedstock. Evidence of the importance of feedstock variability is shown by the close agreement between the experiments using microwave-assisted fast pyrolysis and the fluidized bed results reported by (Howe et al.) using the same four feedstocks. This is illustrated by the comparison and general agreement of "Experimental" and "Howe et al." trends in Figure 1 .
Because of the large scatter in empirical data, a more uniform comparison was pursued. As previously stated, the scatter is thought to be primarily attributable to differences in feedstock composition. To account for this, two factors were considered: (1) results are considered on a fixed carbon free basis, and (2) results were normalized by the initial elemental distribution (C, H, or O). Fixed carbon for the species studied here, and reported in the literature, range from approximately 12−19%. This mass is nonvolatile by definition (although it can be catalytic) and impacts the relative composition measurements shown in Figure 1 . The second consideration was to normalize the measured/predicted elemental mass with the initial mass of the element (C, H, or O) present in the sample. The hypothesis here is that if heat transport limitations and secondary reactions catalyzed by mineral content or fixed carbon are negligible, then fast pyrolysis products are qualitatively similar. The products may be quantitatively different, however, based upon their diverse carbohydrate/ fiber distribution. Normalizing results based upon initial biopolymer compositions (cellulose, hemicellulose, lignin) addresses the variability between different raw feedstocks, placing the data on similar bases. Figure 2 shows the agreement between reported experimental data and model predictions for carbon, hydrogen, and oxygen remaining in the solid product, reported on an ash, moisture, and fixed carbon free basis. This new basis is referred to as "volatile loss*". On this basis, there is much less scatter between the empirical data, and a general trend for degradation becomes more apparent. The literature data presented in Figure  2 were used to calibrate the solid intermediate compositions, again noting that the intermediates are not a specific formula but a way to represent and model the average behavior of the solid product. From the process, it was found that the reaction begins as a solid material with approximate composition C 0.67 H 1.00 O 0.48 , proceeds through intermediates of approximate relative compositions of C 0.73 H 1.00 O 0.46 , C 0.76 H 1.00 O 0.46 , C 0.69 H 1.00 O 0.42 , C 1.00 H 0.76 O 0.36 , and C 1.00 H 0.60 O 0.27 , and concludes with the final char (fixed carbon) of C 1.00 H 0 O 0 . Although the quasi-species cannot be isolated and characterized independently for verification, the resulting averaged elemental composition is consistent with observations in the literature, as displayed in Figure 2 .
The subplots on the left of Figure 2 show a comparison between measured and predicted elemental distribution, while the subplots on the right show the data along with the model prediction as functions of volatile mass loss (volatile loss*) on the right. The model predicts the behavior of the observed literature data very closely (R 2 = 0.99, 0.98, and 0.99 respectively). Also shown are the translated experimental data from our trials that were gathered independently of the fitting procedure, for comparison and validation. Note that these correlations refer only to the calibration data set. The agreement of the model and the independent data are discussed in Section 3.2 below. The decay of carbon content with volatile mass loss appears to be slightly superlinear, while the oxygen is sublinear. The close fit between measured and predicted data across a wide range of woody feedstock suggests that these traces can apply to other similar feedstock without prior knowledge of their degradation pathway. Additional calibration was needed to find the reaction stoichiometric parameters for carbon monoxide, carbon dioxide, and water. Results from this procedure are shown in Figure 3 . The fitting procedure was performed using the same literature and experimental data as discussed above, except that CO and CO 2 yields are not available from some sources, including the microwave pyrolysis experiments. 24, 25 Although a smaller set of data is available for mass yields of these species over the progression of pyrolysis severity, the general trend is captured through the fitting procedure. The production behaviors for CO and CO 2 are similar and begin with modest production followed by an increasing production rate with increasing process severity. These behaviors for CO and CO 2 are also commonly observed in the literature, as noted above. 14, 15, 38 The behavior of water production is in stark contrast to the formation of fixed gases and exhibits the fastest production rate during mild pyrolysis. As severity increases, water formation decreases and almost plateaus as it approaches 100% removal of the volatile mass. This likely corresponds to water formation from structural carbohydrates/fiber. From thermogravimetric analyses, it is known that hemicellulose degrades at the lowest severity conditions, cellulose at medium severity, and lignin degradation is portioned between medium and severe processing. 19, 20, 44, 45 In addition, there is evidence that water production from thermal treatment of lignin is much lower than that of the carbohydrates and that hemicellulose is the largest producer. 44, 45 We hypothesize that these combined effects account for the observed trends and predictions.
3.2. Validation. 3.2.1. Char Composition. As a result of the mass loss, the relative elemental composition of the pyrolytic char is altered. As described and shown in Figure 2 above, the solid composition of the pyrolytic chars collected from the microwave system are well predicted by the model. The coefficient of determination for the normalized carbon, hydrogen, and oxygen is 0.95, 0.99, and 0.96 respectively. This, combined with the magnitude of mass loss discussed above, validates that the model has accurate representation of experimental observations. 3.2.2. Gross Calorific Value. Figure 4 shows the model predictions and data for the heating value of the solid char. The data presented were not used during the model calibration, and thus both literature and experimental data provide validation. There is a clear trend in the bulk literature data that is in agreement with the model. The gross calorific value increases with increasing severity. Beginning at approximately 19 MJ/kg in the original material, the heating value observes a modest increase to approximately 22 MJ/kg with 50% removal of the volatile mass. As more mass is removed, a higher proportion of carbon remains in the solid product and thereby increases the heating value. This trend is well within the scatter observed in the literature and agrees with data gathered in this study. Above 90% volatile mass removal, however, the model appears to predict a higher energy content than typically measured. This is likely a combined result of few data available at the most severe processing conditions during calibration, which skews the model toward higher accuracy at less severe conditions, and experimental error in collection/measurement of pyrolytic chars, as they are usually distributed between several unit operations in the collection train such as cyclones, electrostatic precipitators, hot vapor filters, or suspended in oil/tars. To the authors' knowledge, there is not a significant quantity of published data on the heating values of the produced liquid and gas-phase products over a wide range of processing severities. Because of the lack of comprehensive published data, their energy contents are not shown here. The predictions for gas and liquid-phase product energy densities, however, may be inferred from the elemental composition/distributions discussed in Section 3.3 Model Summary. 3.2.3. Product Phase Distribution. Experimental data trends and model prediction for yield of total gas, total liquid, and oil products are shown in Figure 5 . The data presented were not used in model calibration, and thus both literature and experimental data provide validation. The yields within all subplots are present as weight percent of the initial biomass sample. The gas species yield represents the combined production of carbon dioxide and carbon monoxide. The yield of gaseous species increases approximately linearly with volatile mass loss, reaching 10% of the total product mass around 70% volatile mass loss and increasing to 22% at total devolatilization. Liquid product yield represents the total production of condensable species or the combined production of bio-oil and water. There is an approximate linear increase in total liquid production to a product yield of 60% at 80% volatile mass loss, after which the production rate slows slightly, ending at approximately 66%. The production of oil begins slowly through the initial volatile loss* zone and begins to increase around 20% volatile mass loss (6% oil yield). After this, there is an approximate linear increase in oil yield until 70% volatile mass loss (to 35% oil yield). The oil production with mass removal is slowed after 70% volatile loss* and ends at a maximum of approximately 45% yield. Note that there is much greater scatter in the oil yield data than in the liquid yield data, presumably due to errors in determining the water content of the product liquids. The predictions of the model are validated by the observations of other researchers, and the experimental data collected, as shown by the agreement in the figure. 3.3. Model Summary. A summary of the mass distribution modeling results is shown in Figure 6 . Subplots on the left detail distribution between solid, liquid, and gas, and subplots on the right show the predicted elemental distribution between the three product phases. The behaviors of product mass distribution are described in detail in Section 3.2. Initially (<20% volatile loss*), the carbon distribution is favored toward the enhanced carbon content of the solid structure, while the carbon attributed to the gas follows closely the total mass allocated to the gas phase. The carbon enriched solid product comes at the expense of a carbon-lean liquid product. From the liquid-oil−water distribution, this is evident from the higher portion of mass attributed to water. Further, the oil formed during this region is known to be oxygen-rich, containing primarily organic acids, aldehydes, ketones, and some furans. 27, 29, 30, 38 This region is also associated with the hemicellulose region of biomass and has the lowest carbon (highest oxygen) content on a relative basis. 19 In the middling region (up to 70% volatile loss*) primarily cellulose degrades, and the elemental distribution closely follows the trends presented in the product mass distribution. In this region, much of the degraded mass is converted into pyrolysis oil that is similar in composition to the major chemical species: primarily levoglucosan, but also including organic acids, aldehydes, and other saccharide variants. 46 In this region, comparatively more CO 2 is produced, shifting the oxygen distribution higher in favor of the gas-phase species. In the final degradation zone (>70%), there is a reduced production rate of liquid product but an increased carbon composition. This is indicative of production of phenolic and cyclic species produced from the pyrolysis of lignin. 21,47−50 The hydrogen distribution to the liquid phase is also favored at the expense of the gas phase in this region. The combined shift to greater carbon and hydrogen ratios with decreasing oxygen indicates that the lignin-based products are much closer to hydrocarbon-based fuels and are favorable for a high energy content liquid fuel.
CONCLUSIONS
A kinetic model was used to describe the product evolution and distribution from fast pyrolysis of woody biomass. Because composition of the initial biomass is a controlling factor for the product distribution, the data were interpreted on an ash, moisture, and fixed carbon free basis to reduce the effect of raw feedstock variability. After calibration with a subset of data from the literature, there was close agreement to other literature data and independent experimental data for the production of solid, liquid, and gas species. In addition, the distribution of carbon monoxide and carbon dioxide in the gas phase and water and oil produced in the liquid phase predicts the trends observed in literature data. A microwave assisted pyrolysis reactor was used to gather independent data that validated model predictions. These results were further strengthened by results from the same feedstocks in a separate fluidized bed fast pyrolysis system. Finally, biopolymer compositions (partially reacted solid) were predicted, which demonstrated good agreement with other observations found in the literature. Implementing such a model for the prediction of pyrolysis species can act as a screening tool for potential feedstocks or help in adjusting process parameters to create tailored products for advanced solid and liquid biofuels.
